Introduction
Polytetrafluoroethylene (PTFE) is the world's most used fluoropolymer, accounting for 44% of the fluoropolymers market (29 000 metric tons) in 2008 with an estimated global trade value of 367 million US Dollars [1] . There are four types of PTFE resins commercially available, viz. granular, fine powder, dispersions, and micronized powder. Granular PTFE is prepared by suspension polymerisation, while fine-& micronized powders as well as dispersions are mostly prepared via emulsion polymerisation. Granular PTFE constitutes the bulk of the PTFE market, accounting for some 45 % of PTFE production in 2008 [1] .
Suspension polymerisation produces predominantly high-molecular-weight PTFE. The emulsion process can be tuned to produce a wide range of molecular weights. Emulsion polymerisation requires the use of perfluorinated surfactants, the most common of which is perfluorooctanoic acid (PFOA). PFOA has been shown to impact the environment negatively and is being phased out [1] .
A market report from 2009 on the trends in the fluoropolymer industry indicated that the market share of high-molecular-weight PTFE is set to increase due to the phasing out of PFOA [1] .
Unlike most other high-polymers, high-molecular-weight PTFE cannot be melt processed [1, 2] and its products are prepared predominantly by mechanical working of a pressed and sintered preform, during which a considerable amount of waste material is produced. The mass of waste generated can account for as much as 50% of the final mass on products of complex geometries [3] . Consequently, PTFE waste cannot be reprocessed via the usual methods employed for plastics recycling and presents both an economic loss as well as an ecological problem.
The literature indicates that PTFE may be chemically recycled by pyrolysis to produce mixtures of various high-value chemicals [4] . Much work has been done on the topic of PTFE pyrolysis. The reader is referred to the primary literature and the authors' review for further details . Table 1 summarises the species commonly found in the pyrolysis gas of PTFE.
Tetrafluoroethylene (TFE), hexafluoropropylene (HFP), and octafluorocyclobutane (OFCB)
are important commercial compounds, with TFE being the monomer from which PTFE is made, while HFP is used as a comonomer for producing polymers such as FEP and Viton [31] . OFCB is primarily used as an etch gas in the electronics industry. OFCB is of special importance in this role as it preferentially etches SiO 2 [32] .
Octafluoroisobutene is highly toxic, mainly causing pulmonary oedema, but can also affect the heart muscle [33] . Octafluoro-1-butene and octafluoro-2-butene are not toxic, but are undesirable byproducts as have very limited application in fire fighting [34] .
Hexafluoroethane (HFE) and octafluoropropane (OFP) are also undesirable by products as they have very limited application. Octafluoro-2-butene OF2B 360-89-4
The literature reveals that the yields of the various species are strong functions of temperature and pressure, and attempts to optimise the yields of the commercially interesting species have focused on control of these parameters. Table 2 summarises the reported product distributions as a function of temperature and pressure. It should be noted here that there is a distinct lack of correlation amongst the data sets presented in the literature. These methods would also have application in the wider fluorochemical industry.
There are a few reports in the open literature regarding the catalysed pyrolysis of PTFE or the catalytic reformation of TFE to other perfluorinated compounds. Choi and Park [9] reported a large increase in the yield of TFE (76 to 90%) at 700 °C and 1 bar when using copper instead of Inconel as reactor tube material. Filatov [13] pyrolysed PTFE intimately mixed with CoF 3 in a batch reactor and found that the yields of gaseous products were greatly reduced, but that the yield of perfluoroparaffins (6 to 26 carbons in length) was greatly improved. Fock [5] found that the carbon black used in carbon-filled PTFE contained large numbers of unpaired electrons and that this composite material showed vastly different decomposition rates to neat and bronze-filled PTFE. He also found that the bronze-filled PTFE did not degrade much differently compared with neat PTFE. Finally, Odochian [25] studied glass-, carbon-, and bronze-filled PTFE and found that these filler materials had no significant effect on the degradation rate or the gaseous-product distribution.
The cited literature indicates that work has, up to the present, focused only on potential catalytic effects of filler materials commonly used in the plastics industry. There clearly is a significant gap in the literature regarding the effects of inorganic materials on the PTFE pyrolysis process.
The pyrolysis of CHF 2 Cl (R22) over fluorinated-metal catalysts, studied by Sung and coworkers [35] , indicates that fourth period metals and their fluorinated compounds increase conversion of R22 but shift the product distribution from TFE toward partially-fluorinated compounds such as CH 2 F 2 , CHF 3 and F 2 C=CHF . Guided by this result, this paper undertakes, as the first step in developing a catalytic pyrolysis process, to investigate the effects that simple inorganic compounds of the fourth period metals have on the PTFE degradation rate and gaseous product distribution. The present work is the first in a series relating our preliminary results, with this particular communication documenting the effect of the sulpfes and fluorides of Al, Zn, Cu, Ni, Co, Fe and Mn, as studied by TGA-FTIR.
Results and Discussion

Generation of IR reference spectra for the product gases
Infrared spectra for simple fluorinated compounds such as CF 4 , TFE, HFE and OFCB are available from NIST [36] , but no literature could be found concerning the infrared spectra for HFP, OFP or the octafluorobutenes. Infrared absorption spectra were, therefore, generated for all the expected product species using DFT (B3LYP) with the 6-31+G*, 6-311G* and 6-311++G** basis sets. The DFT (B3LYP) functional has been shown to predict accurately the absorption spectra for both small unsaturated fluorocarbons a well as small to medium saturated fluorocarbons [37] . It was found that the 6-311G* basis set predicted absorption frequencies closest to the available experimental values. These infrared absorption frequencies were used to identify the various components present in the pyrolysis product stream.
Thermal behaviour of pure PTFE
In order to validate the experimental setup and provide a baseline for the filled PTFE experiments, control experiments were carried out using pure PTFE.
The thermograms for these experiments, presented in Figure 1 , indicate an onset temperature of around 560 °C, in good agreement with the literature. The temperature derivative of the mass loss curves of Figure 1 are shown in Figure 2 . From the derivatives the temperature at which mass loss is first noted was found to be around 450 °C
The degradation also proceeds fairly rapidly, with total decomposition taking approximately 9 minutes and no residue remaining in the crucible afterward. The IR spectra for the gas phase were the same for all the control runs, one of which is reproduces in Figure 3 . The gas-phase composition determined for the control experiments are in agreement with those reported by Odochian [25] and Madorski [21] . Keeping in mind that the atmospheric pressure in the laboratory was in the region of 86 kPaa, these results differ strongly with the values reported by Choi and Park [9] (see Table 1 ), according to whom, nearly equal amounts of TFE and HFP should be observed.
From this we may state that any fluorocarbon species other than TFE noted in the gas phase is produced by chemical interaction of the PTFE pyrolysates with the filler material.
Thermal behaviour of the neat filler materials
Given the relatively high decomposition temperature of PTFE, potential decomposition of the filler material must be considered when interpreting the results of the filled PTFE experiments.
The literature [38] The metal fluorides and metal oxides, in general, exhibit sharp decomposition or sublimation steps with minimal dissociation at temperatures below their melting or sublimation points, but it is understood that the sulfates have no sharp decomposition point and that near to the reported decomposition temperatures they already exhibit a significant degree of dissociation [40] . Thermodynamic-equilibrium composition curves for the solid sulfates are presented in Figure   4 . The graph indicates that all the sulfates except for FeSO 4 and CuSO 4 should be fully solid during the pyrolysis reaction and, except for the two aforementioned materials, any interactions taking place will be between solid filler and the pyrolysates.
Thermal behaviour of PTFE filled with transition metal sulfates
The thermograms for the pyrolysis of the sulfate filled PTFE samples are presented in Figures   5 and 6 , while the infrared spectra of the gas phase, taken at the point of maximum absorbance, are presented in overlaid format in Figures 7 and 8 .
With the exception of CuSO 4 and FeSO 4 filled samples, the onset of degradation temperature does not differ much from that of pure PTFE, varying from 550 °C to 560 °C. The shapes of the degradation curves at the point of PTFE breakdown do not differ significantly from the control case either, implying that these sulfates do not affect the actual degradation process.
The other significant events present on these curves are the dehydration steps for Al 2 All the IR spectra show the presence of CO 2 , as indicated by its characteristic absorption band at 2358 cm -1 [36] . The production of CO 2 is attributed to a reaction between the pyrolysates and the oxygen atoms at the surface of the sulfate particles. As the filler residues have not been studied, no conclusion can be drawn regarding the fate of the fluorine atoms which are exchanged during this reaction. However, the presence of side bands would indicate that the fluorine atoms are given to other fluorocarbon species, rather than to the filler material.
Additionally, sooty deposits were noticed in the Al 2 (SO 4 ) 3 residues. Given that PTFE consists of repeating CF 2 units, the production of saturated fluorocarbons requires fluorine exchange reactions between unsaturated fluorocarbon species to produce perfluorocarbons and C (s) . The presence of elemental carbon in the form of soot indicates that this type of exchange has occurred and the production of HFE is thus accounted for.
Thermal behaviour of transition metal fluoride filled PTFE
The thermograms for the pyrolysis of the fluoride-filled PTFE samples are presented in Figure 9 , while the infrared spectra of the gas phase, taken at the point of maximum absorbance, are presented in Figures 10 and 11 .
Except for AlF 3 , the onset of degradation temperature is nearly the same for all samples and very close to that of pure PTFE, varying from 565 °C for CoF 2 to 550 °C for CuF 2 . Again, except for AlF 3 , the slopes of the degradation curves are all similar to the control case. This indicates that these filler materials have no effect on the degradation process.
The AlF 3 filled PTFE show an onset temperature of 530 °C as well as a more rapid degradation rate, as evidenced by the steeper slope of the degradation curve.
Observing the gas phase for the transition metal fluorides, we notice that, in addition to the TFE peaks, there is also some shoulder formation in the region of 1244 cm -1 . An interesting trend is exhibited in that NiF 2 produces a large shoulder while the shoulder peaks for the other fluorides are quite muted. This continues the trend seen with the sulfates: Nickel compounds have some special interaction with the pyrolysates. The mechanism of PTFE degradation involves chain scission to produce :CF 2 units which then undergo recombination. The :CF 2 recombination products undergo various radical intermediated reactions that produce the products recovered during PTFE pyrolysis [30] . The reactivity of Co 2+ and Cu 2+ is explained by the presence of an unpaired electron in the valence shell which can capture the fluorocarbon radical species generated during pyrolysis.
Until the species causing the shouldering at 1244 cm -1 is identified, no comment can be made on the possible mechanism by which Co and Cu intermediated catalysis can occur.
Conclusions
We The spectrometer was set to take one scan every 6 s in the range of 4000 cm -1 to 550 cm -1 at a resolution of 4 cm -1 . The gas cell was fitted with KBr windows.
